Abstract: Evolutionary relationships were inferred among a worldwide sample of Ascochyta fungi from wild and cultivated legume hosts based on phylogenetic analyses of DNA sequences from the ribosomal internal transcribed spacer regions (ITS), as well as portions of three protein-coding genes: glyceraldehyde-3-phosphate-dehydrogenase (G3PD), translation elongation factor 1-alpha (EF) and chitin synthase 1 (CHS). All legume-associated Ascochyta species had nearly identical ITS sequences and clustered with other Ascochyta, Phoma and Didymella species from legume and nonlegume hosts. Ascochyta pinodes (teleomorph: Mycosphaerella pinodes [Berk. & Blox.] Vestergen) clustered with Didymella species and not with well characterized Mycosphaerella species from other hosts and we propose that the name Didymella pinodes (Berk. & Blox.) Petrak (anamorph: Ascochyta pinodes L.K. Jones) be used to describe this fungus. Analysis of G3PD revealed two major clades among legume-associated Ascochyta fungi with members of both clades infecting pea (''Ascochyta complex''). Analysis of the combined CHS, EF and G3PD datasets revealed that isolates from cultivated pea (P. sativum), lentil (Lens culinaris), faba bean (Vicia faba) and chickpea (Cicer arietinum) from diverse geographic locations each had identical or similar sequences at all loci. Isolates from these hosts clustered in well supported clades specific for each host, suggesting a co-evolutionary history between pathogen and cultivated host. A. pisi, A. lentis, A. fabae and A. rabiei represent phylogenetic species infecting pea, lentil, faba bean and chickpea, respectively. Ascochyta spp. from wild relatives of pea and chickpea clustered with isolates from related cultivated hosts. Isolates sampled from big-flower vetch (Vicia grandiflora) were polyphyletic suggesting that either this host is colonized by phylogenetically distinct lineages of Ascochyta or that the hosts are polyphyletic and infected by distinct evolutionary lineages of the pathogen. Phylogenetic species identified among legume-associated Ascochyta spp. were fully concordant with previously described morphological and biological species.
INTRODUCTION
Species of the coelomycete genus Ascochyta Libert cause diseases known as Ascochyta blights of a number of commercially important cool season legume species and their wild relatives. These diseases are characterized by tan-colored lesions on all aboveground parts of the plant which can result in severe yield losses under conducive environmental conditions (Nene 1982 , Kaiser and Muehlbauer 1988 , Bretag and Ramsey 2001 . Lesions typically contain concentric rings of black pycnidia that exude cirrhi of one-or two-celled hyaline conidia, which are dispersed short distances via rain splash. Ascochyta blights of chickpea (Cicer arietinum L.), lentil (Lens culinaris Medik.), faba bean (Vicia faba L.), vetches (Vicia spp.) and pea (Pisum sativum L.) are economically important diseases in all areas of the world where these crops are grown. Most legumeassociated species of Ascochyta examined to date have teleomorphs that have been observed in the field and are important in the biology and epidemiology of these diseases. Ascospores can be windborne, dispersed long distances by air and are considered important sources of primary inoculum in many areas (Trapero-Casas et al 1996 , Kaiser 1997 . Most Ascochyta species have a bipolar, heterothallic mating system (Barve et al 2003 , Cherif et al 2006 and the sexual stage can be induced in the laboratory (Wilson and Kaiser 1995, Kaiser et al 1997) . Ascospores are typically unequally two-celled with a prominently constricted septum (Wilson and Kaiser 1995, Kaiser et al 1997) .
Ascochyta blights of chickpea, lentil, and faba bean are caused by the well characterized fungi Ascochyta rabiei (Pass.) Labrousse, A. lentis Vassilevsky, and A. fabae Speg., respectively. Three fungal species have been associated with Ascochyta blight of pea and are referred to as the ''Ascochyta complex'' (Wallen 1965 (Steele and Wojciechowski 2003) particularly wild Vicia spp. (vetches) but these fungi are poorly described (Leath 1994 , T.L. Peever and W.J. Kaiser unpublished) . Several Ascochyta anamorphs have been connected to Didymella Saccardo teleomorphs (Muller and von Arx 1962 , Jellis and Punithalingam 1991 , Kaiser 1997 , Kaiser et al 1997 ; however, teleomorph connections have not yet been made for many of the species. The fungi causing Ascochyta blight of faba bean, lentil and chickpea all have been connected to Didymella teleomorphs. Teleomorphs of A. fabae Speg., A. lentis Vassilevsky and A. rabiei (Pass.) Labrousse are D. fabae Jellis & Punith. (Jellis and Punithalingam 1991) , D. lentis Kaiser, Wang & Rogers (Kaiser and Hellier 1993, Kaiser et al 1997) and D. rabiei (Kovachevski) v. Arx (syn. Mycosphaerella rabiei Kovachevski) (Kovachevski 1936) , respectively. D. rabiei originally was placed in Mycosphaerella by Kovachevski but subsequently moved to Didymella by von Arx (Muller and von Arx 1962) based on pseudothecium size, ascospore size and septum constriction, and the presence of nonfasiculate asci and pseudoparaphyses. Ascochyta pinodes L.K. Jones (teleomorph: Mycosphaerella pinodes (Berk. & Blox.) Vestergen (syn. Didymella pinodes [Berk. & Blox.] Petrak), one of the fungi causing Ascochyta blight of pea, has been connected to both Mycosphaerella and Didymella teleomorphs and this fungus commonly is referred to as M. pinodes by plant pathologists (Onfroy et al 1999 , Faris-Mokaiesh et al 1996 .
Experimental inoculation of Ascochyta sp. isolates from lentil and faba bean on both hosts clearly demonstrated their host specificity, but these hostspecific taxa could not be differentiated by statistical analyses of conidium length, proportion of septate conidia and cultural morphology (Gossen et al 1986) . Gossen et al (1986) proposed that these two fungi be synonymized under A. fabae using the formae speciales designations A. fabae f. sp. fabae and A. fabae f. sp. lentis to denote their host specificity. In vitro genetic crosses made among isolates of A. rabiei from chickpea (AR), A. fabae f. sp. fabae (AF) and A. fabae f. sp. lentis (AL) failed to produce pseudothecia in the AR 3 AF and the AR 3 AL combinations (Kaiser et al 1997) . However crosses between AF and AL were fertile and produced pseudothecia with viable ascospore progeny. Strong postzygotic mating effects were observed in the AF 3 AL crosses including abnormal numbers of ascospores in each ascus, variable ascospore size and progeny isolates that grew abnormally in culture. All progeny isolates from the AF 3 AL cross failed to infect either of their parental hosts, lentil and faba bean. Kaiser et al (1997) also scored these isolates for RAPD markers and showed that the fungi from each host each had distinct RAPD banding profiles and clustered separately in a UPGMA phenogram. The combination of host specificity, strong genetic differentiation in molecular markers (i.e. lack of gene flow) and postzygotic mating effects in the AL 3 AF crosses were used to justify the elevation of A. fabae f. sp. lentis to A. lentis Vassilevsky (Kaiser et al 1997) and represents a rare example of application of the biological species concept to plant-pathogenic fungi. By these criteria A. rabiei, A. fabae and A. lentis are considered biological species. Phylogenetic analyses of the cool season food legumes based on the plastid matK gene have revealed that Cicer species (tribe Cicereae) are highly diverged from Pisum, Vicia and Lens species (tribe Vicieae) (Steele and Wojciechowski 2003) . Within the Viciae, Vicia hirsuta and V. villosa were found in well supported clades distinct from other Vicia spp. Steele and Wojciechowski (2003) identified two subclades within the Vicieae including Clade 1, which contained Pisum sativum, and Clade 2 which contained Lens culinaris and Vicia grandiflora.
Ascochyta pisi causes tan-colored lesions with distinct dark margins on above-ground parts of pea (Allard et al 1993, Bretag and Ramsey 2001) and lesions are similar to those of Ascochyta blight of chickpea and lentil. In contrast lesions caused by A. pinodes and A. pinodella are brown to tan with lack of distinct margin and can be found on both above-and below-ground parts of the plant. A. pinodes is homothallic and readily produces pseudothecia in single-ascospore or single-conidial cultures Holiday 1972, Onfroy et al 1999) .
Comparison of crosses made with single ascospore versus pooled ascospore inoculum of A. pinodella demonstrated that this fungus is heterothallic (Bowen et al 1997) . A. pisi has no reported teleomorph but the pattern of PCR amplification of the conserved MAT1-2 HMG-box region of the MAT1-2 mating idiomorph among a collection of field isolates (HMG region amplified from approximately half the isolates) was similar to known heterothallic Ascochyta spp. (T.L. Peever unpublished). A. pisi is morpho-logically distinct from A. pinodes and A. pinodella in culture with the former having an orange/pink colony morphology and orange/red conidia and the latter two having gray/black colony morphology and cream-colored conidia (Bretag and Ramsey 2001) . The latter two fungi also produce chlamydospores in culture while A. pisi does not (Onfroy et al 1999 , Bretag and Ramsey 2001 , Fatehi et al 2003 . In addition to morphological characters, A. pisi can be distinguished easily from A. pinodes and A. pinodella with molecular markers such as restriction fragment length polymorphism of the nuclear ribosomal intergenic spacer (IGS) (Faris-Mokaiesh et al 1996) and serological techniques (Madosingh and Wallen 1968) . Differentiating A. pinodes from A. pinodella has been more difficult (Faris-Mokaiesh et al 1996 , Jones 1927 , Onfroy et al 1999 , Bretag and Ramsey 2001 , Fatehi et al 2003 . Fatehi et al (2003) were able to separate A. pinodes and A. pinodella based on restriction digestion of total mitochondrial DNA but not digestions of ITS or partial beta-tubulin sequences and thus considered A. pinodes and A. pinodella conspecific. Similarly, Barve et al (2003) were able to differentiate these fungi based on sequence data from the HMG motif of the MAT1-2 mating gene but not with ITS sequence data. Based on these studies, it appears that A. pinodes and A. pinodella are closely related and distinct from A. pisi.
The primary objective of this research was to determine the evolutionary relationships among Ascochyta and Phoma species associated with cultivated cool season legumes and related wild plants by performing phylogenetic analyses with sequence data from multiple regions of the genome. We also were interested in testing the hypothesis that previously recognized biological species could be considered phylogenetic species. A secondary objective was to use phylogenetic analysis to identify closely related, hostspecific fungi that might be used to study the genetics of species-level host specificity and the mechanisms of fungal speciation. A tertiary objective was to determine phylogenetic relationships among the three fungi associated with the ''Ascochyta complex'' of pea and to test the hypothesis that A. pinodes (teleomorph: Mycosphaerella pinodes) is phylogenetically distinct from Mycosphaerella spp. associated with other plants.
MATERIALS AND METHODS
Sampling, fungal culture, morphology and DNA extraction.-Sixty-seven single-conidial isolates of Ascochyta spp., Phoma spp. and Didymella spp. from various wild and cultivated legume hosts were obtained from a culture collection maintained by the USDA Western Region Plant Introduction Station, Pullman, Washington (TABLE I) . These isolates were sampled over approximately 20 y by W.J. Kaiser and stored in an inert state on sterile, dry chickpea stems at 4 C. Isolates were selected from this collection to represent described morphological species from several cultivated legume hosts in diverse worldwide locations (TABLE I) . Approximately 10 isolates per species were selected, and where possible, isolates that were deposited in the American Type Culture Collection were used. All isolates were singlespored, examined morphologically and assigned to species. Criteria used to classify each isolate to species included (i) original host of isolation, (ii) conidial dimensions and septation, (iii) growth rate and colony morphology on potato dextrose agar, (iv) pathogenicity tests and (v) (TABLE I) . All isolates in this second sample (labeled Georgia-XX) were single-spored but not extensively morphologically characterized and not assigned to species (TABLE I) . Isolate AV11 from Vicia grandiflora previously was assigned to species by K.T. Leath (Leath 1994) . All isolates were grown 3-4 d at laboratory temperatures in liquid 2-YEG medium (10 g dextrose, 2 g yeast extract per liter) on a rotary shaker at 150 rpm and mycelium collected and lyophilized as described by Peever et al (1999) . Genomic DNA was extracted from 50 mg lyophilized mycelium as described by Peever et al (1999) with modifications. One phenol/chloroform (1:1, vol/vol) extraction and one chloroform extraction were used. DNA concentrations were estimated visually in 0.7% agarose gels containing 0.5 mg/mL ethidium bromide by comparing band intensity with known quantities of lambda DNA/Hind III markers (Promega, Madison, Wisconsin) . DNA extractions were diluted routinely to 20 ng/mL in sterile distilled water for use as template DNA in PCR.
Nuclear ribosomal internal transcribed spacer (ITS) and glyceraldehyde-3-phosphate-dehydrogenease (G3PD) sequencing.-Primers ITS1 and ITS4 (White et al 1990) were used to amplify approximately 540 bp of ITS1, 5.8s and ITS2 from all isolates. Twenty-five mL PCR reactions contained 13 reaction buffer (Life Technologies, Carlsbad, California), 0.4 mM each primer (Operon Technologies, Alameda, California), 200 mM dNTPs (Idaho Technologies, Idaho Falls, Idaho), 2.5 mM MgCl 2 (Life Technologies), 20-40 ng of DNA and 1 unit of Taq polymerase (Life Technologies). PCR was carried out in a GeneAmp PCR System 9700 thermocycler (PE Biosystems, Norwalk, Connecticut) and cycling conditions consisted of 94 C for 3 min followed by 30 cycles of 94 C for 30 s, 60 C for 30 s, and 72 C for 1 min followed by 5 min at 72C. Five hundred eighty-five bp of the G3PD gene was amplified from all isolates with gpd-1 and gpd-2 primers (Berbee et al 1999) and the same concentrations of PCR reagents and cycling conditions as described above for ITS. The amplified region corresponds to base pairs 793-1397 of the C. heterostrophus (Drechs.) Drechs. A ''conditional data combination'' approach (Huelsenbeck et al 1996) was employed to determine whether the CHS, EF, and G3PD datasets (partitions) should be combined for phylogenetic analysis. Incongruence among partitions was assessed using three approaches. First, topologies estimated independently for each partition were examined for well supported, conflicting nodes. Topologies were considered incongruent if two different relationships (one monophyletic and the other nonmonophyletic) for the same set of taxa both were supported by a 70% ML bootstrap value or 95% Bayesian posterior probability (Binder and Hibbett 2002 , Reeb et al 2004 , Froslev et al 2005 . The second approach involved Shimodaira-Hasegawa (SH) tests (Shimodaira and Hasegawa 1999) implemented in PAUP. These tests compared the topology of the ML tree for each partition (using the best-fit model and parameters estimated for the partition) to the topology of the combined (concatenated) ML tree (using the best-fit model and parameters estimated for combined dataset) when the former was used as the unconstrained tree and the latter as the constrained tree. The null distribution for the SH tests was generated with 1000 nonparametric bootstrapped replicates with full likelihood maximization over each replicate dataset. The third approach employed parametric bootstrapping (Huelsenbeck and Crandall 1997, Goldman et al 2000) and tested the null hypothesis that the same topology underlay each dataset versus the alternate hypothesis that allows a different topology to underlie each dataset (Huelsenbeck and Bull 1996, Huelsen-beck and Crandall 1997) . One hundred datasets were simulated for each data partition (CHS, EF, G3PD) with the ML trees, branch lengths and model parameters for the combined dataset and for each partition in Seq-Gen v.1.3.2 (Rambout and Grassly 1997) . Parametric bootstrapping was performed with the combined ML tree (using the best-fit model and parameters estimated for the combined dataset) as the unconstrained tree and the ML tree for each partition (using the best-fit model and parameters estimated for each partition) as the constrained tree in PAUP. Heuristic searches of the simulated datasets were conducted using full optimization (ML parameters estimated on each simulated dataset), stepwise addition of taxa and TBR branch swapping. Loglikelihoods of unconstrained trees were subtracted from those of constrained trees to give a distribution of log-likelihood differences under the null hypothesis. The difference in loglikelihood value between the constrained and unconstrained trees for the actual data were compared to the distribution of differences estimated from the simulated datasets. The probability of obtaining a larger difference under the null hypothesis by chance was determined by enumerating the number of differences that were as large or larger than the actual difference. We considered topologies to be significantly different when less than 5% of the simulated log-likelihood differences between constrained and unconstrained trees were as large or larger than the log-likelihood difference estimated from the actual data.
Maximum likelihood phylogenies were estimated independently for each data partition (CHS, EF, G3PD) and the combined dataset using heuristic searches in PAUP. PAUP currently does not allow partitioned models (i.e. an independent model of molecular evolution for each data partition) so we used the best overall model selected for the combined dataset in Modeltest. For the combined dataset the TrN+G model with unequal base frequencies (A 5 0.2571, C 5 0.2957, G 5 0.2466, T 5 0.2006), six substitution rate parameters (1.000, 3.8828, 1.000, 1.000, 6.3065, 1.000), gamma-distributed rates (shape parameter 5 0.2196) was selected. The reproducibility of clades was assessed with heuristic searches of 1000 bootstrapped datasets with ''fast'' stepwise addition of taxa and no branch swapping. Clades were inferred based on nodes with ML bootstrap values greater than or equal to 70%. Parametric bootstrapping also was used to test the hypothesis that isolates sampled from big-flower vetch (V. grandiflora) and from wild and cultivated pea (Pisum elatius and P. sativum) were monophyletic (Huelsenbeck et al 1996 , Goldman et al 2000 . One hundred datasets were simulated over the combined ML tree (with best-fit model and parameters estimated for the combined tree) with Seq-Gen as described above. The first analysis forced all isolates sampled from bigflower vetch to be monophyletic and the second forced all isolates from wild and cultivated pea to be monophyletic. Constraint trees were generated in MacClade v.4.06 (Maddison and Maddison 2003) and parametric bootstrapping was performed in PAUP as described above. Heuristic searches of simulated datasets and differences in log-likelihoods between constrained and unconstrained trees were tested as described above. We rejected monophyly when less than 5% of the simulated log-likelihood differences between constrained and unconstrained trees were as large as or larger than the log-likelihood difference estimated from the actual data. Maximum likelihood phylogenies also were estimated in a Bayesian framework with Markov chain Monte Carlo (MCMC) sampling in MrBayes version 3.1 (Huelsenbeck and Ronquist 2001) . Flat Dirichlet probability densities were used as priors for the substitution rate parameters and stationary nucleotide frequencies and uniform priors were used for the shape and topology parameters and an exponential unconstrained prior was used for the branch lengths parameter. GTR models with or without gammadistributed rates were employed and parameters were estimated during each run. For analyses of the ITS and G3PD datasets, GTR models with six substitution rate parameters and gamma distributed rates were used. For analysis of the combined CHS, EF, and G3PD dataset, a partitioned model was implemented in MrBayes with evolutionary models and parameters estimated independently for each genomic region. Two substitution rate parameters were used with the CHS and EF datasets and six substitution rate parameters with the G3PD dataset. Gamma distributed rates were applied to the CHS and G3PD datasets but not the EF dataset. Each run of the sampler consisted of 120 000 generations of the Markov chain. Six chains were run in each analysis (one heated and five cold) with the temperature parameter set at 0.2 and random chains swapped three times per generation. Six independent analyses (each of 120 000 generations) each were started from a random tree. Trees were sampled every 100 generations and the first 20 000 generations (200 trees) of each analysis were discarded as burn-in. Average posterior probabilities were estimated for each node of the phylogeny across all six runs (6000 trees from 600 000 total generations of the MCMC). The ITS phylogeny was rooted by Mycosphaerella punctiformis isolate CBS 724.79 (GenBank accession No. AY490760), the G3PD phylogeny was rooted by Phaeosphaeria nodorum isolate S-82-13 (GenBank accession No. AY364464) and the combined phylogeny was unrooted. Clades were inferred based on posterior probabilities greater than or equal to 95%.
Split decomposition analysis with uncorrected P distances was performed on the combined CHS, EF and G3PD dataset with only the most closely related species (A. rabiei, A. pinodes and A. pinodella isolates not included) with SplitsTree v.4 (Huson 1998) . One thousand bootstrapped datasets were used to estimate statistical support for the splits. Alignments of CHS, EF, G3PD and the combined dataset were evaluated for evidence of recombination using 10 recombination tests implemented in RDP2 (Martin et al 2005) . An incompatibility matrix for the combined dataset was generated using SNAP Workbench (Price and Carbone 2004 ) and recombination hotspots identified with Recom58 (Griffiths and Marjoram 1996) implemented in SNAP Workbench.
RESULTS
Species identification.-Isolates were assigned to one of six species, Ascochyta rabiei, A. fabae, A. lentis, A. pisi, A. pinodes and A. pinodella, based on five morphological and biological criteria outlined above (TABLE I) . Ascochyta fabae, A. lentis, and A. pisi were indistinguishable morphologically and could be differentiated only based on host of isolation, pathogenicity tests and mating tests. A. rabiei isolates from cultivated and wild chickpea could be differentiated easily from A. lentis and A. fabae based on slower growth in culture and cultural morphology. Isolates sampled from the wild, perennial chickpeas (Cicer montbretii) in Bulgaria and (C. ervoides) in the Republic of Georgia had identical cultural morphology to isolates from a worldwide collection from cultivated chickpea (TABLE I) . Isolates sampled from Vicia villosa, V. amoena, V. lathyroides, V. grandiflora, V. sepium and V. cordata had identical cultural morphology and were indistinguishable from A. lentis, A. fabae and A. pisi. An isolate from cultivated pea (Pisum sativum) in Republic of Georgia had identical cultural morphology to isolates of Phoma medicaginis from several cultivated legume hosts (TABLE I) . Isolates from wild pea (P. elatius) in the Republic of Georgia had identical cultural morphology to isolates from cultivated pea (TABLE I) .
ITS phylogeny.-ITS sequences were edited to 470 bp to aid alignment with sequences downloaded from GenBank. The alignment revealed 224 polymorphic sites of which 179 were parsimony informative when GenBank data was included and 19 polymorphic sites, seven phylogenetically informative sites and nine haplotypes among isolates sampled from wild and cultivated legume hosts for this study (i.e. excluding GenBank data) (TABLE II) . Isolates sampled from the same host in diverse worldwide locations and assigned to the same species generally had identical ITS haplotypes (TABLE II) . The only exception was A. rabiei isolate AR738 which differed from other A. rabiei isolates at one nucleotide position. Some isolates sampled from different hosts had identical ITS haplotypes. These included Haplotype 2 isolates, which were sampled from both Lens culinaris (AL1, 2 , 3, 6, 8, 11, 83, 391) and Vicia grandiflora (Georgia-2, -8); Haplotype 3 isolates, which were sampled from Pisum sativum (AP1, 2, 3, 4, 5, 7, 8, 9) , Vicia grandiflora (AV11, Georgia-3), Vicia sp. (Georgia-9) and Pisum elatius (Georgia-7); and Haplotype 5 isolates, which were sampled from several Vicia spp. including V. villosa (AV1, 2, 12, 22, 23) , V. amoena (AV19) and V. lathyroides (AV8, 20). Two well supported (100% Bayesian PP, 100% ML bootstrap) clades were identified: a ''Mycosphaerella'' clade that contained the type species, M. punctiformis, as well as M. fijiensis and M. graminicola, and a ''Pleosporales'' clade, which contained species of Pyrenophora, Cochliobolus, Alternaria, Leptosphaeria, Phaeosphaeria as well as Ascochyta, Phoma and Didymella species from various legumes and M. pinodes from pea (FIG. 1) . A ''Didymella'' clade was well supported by Bayesian posterior probability (100%) but not by ML bootstrap (46%). The Didymella clade also contained Didymella bryoniae and D. cucurbitacearum from cucurbits, Phoma macrostoma from Pinus sylvestris (pine), the type species P. herbarum from an unknown host, and P. glomerata from Platanus occidentalis (sycamore). The branch separating the Mycosphaerella clade from the Pleosporales clade was long and substantial pairwise homoplasy was evident between taxa in each of these clades (data not shown). Despite the high levels of homoplasy, the ITS phylogeny clearly demonstrated that M. pinodes from pea should not be considered a Mycosphaerella species. Inclusion of several related ITS sequences from GenBank in the phylogeny revealed that Phaeosphaeria spp. are the most likely sister taxon of Didymella spp., mirroring the results of a previous study (Reddy et al 1998) .
G3PD phylogeny.-Alignment of edited G3PD sequences (524 bp) with indels removed (517 bp) revealed 114 polymorphic and 92 parsimony informative sites among all isolates sampled from legumes (excluding outgroup Phaeosphaeria nodorum AY364464). The G3PD alignment revealed substantially more variation among legume-associated Ascochyta spp. than did ITS and had approximately the same level of phylogenetic resolution as HMG sequences of the MAT1-2 mating gene (Barve et al 2003) . G3PD sequence analysis with indels excluded revealed 22 haplotypes among isolates sampled for this study from wild and cultivated legume hosts. Isolates sampled from the same host in different geographic locations and assigned to the same species generally had similar or identical G3PD haplotypes (TABLE II) . The G3PD phylogeny revealed two major clades among legume-associated Ascochyta spp. with a long branch separating the Ascochyta pinodes/A. pinodella clade (MP and PMP isolates) from other Ascochyta spp. (FIG. 2) . Within the A. pinodes/A. pinodella clade an A. pinodella subclade was supported with ML bootstrap and posterior probability values just above our significance criteria. A. pinodes isolate MP19 appeared to be intermediate between the two subclades. The G3PD phylogeny also revealed differentiation between Ascochyta rabiei sampled from wild and cultivated chickpea and Ascochyta spp. sampled from other legume hosts, although an A. rabiei clade was not highly supported (FIG. 2) . Two additional, well supported subclades were apparent within the A. rabiei/A. lentis/A. fabae/A. pisi clade, one consisting of isolates sampled from lentil (Lens culinaris) and another set of isolates sampled from big-flower vetch (Vicia grandiflora) (FIG. 2) .
Tests of incongruence among data partitions.-No strongly conflicting nodes (ML bootstrap values . 70% and/or Bayesian posterior probabilities . 95%) representing monophyletic and nonmonophyletic relationships for the same set of taxa were detected among the CHS, EF and G3PD phylogenies. Topologies were similar for each partition although CHS had substantially less phylogenetic resolution than either EF or G3PD (data not shown). Shimodaira-Hasegawa (SH) tests and parametric bootstrapping similarly did not uncover evidence for significant conflict among the datasets (TABLE III) . We were unable to reject the null hypothesis of a difference in topology between the combined tree and trees estimated for any of the data partitions using the SH test, although P-values for the EF and G3PD partitions came close to significance (P 5 0.074 and P 5 0.054, respectively). We also were unable to reject the null hypothesis of the same topology underlying each of the data partitions with parametric bootstrapping (TABLE III) . Differences between constrained and unconstrained trees were not significant for any of the partitions. These results were used to justify combining the data and estimating a phylogeny from the combined dataset.
Combined CHS, EF and G3PD phylogeny.-Alignment of CHS (329 bp, no indels) revealed 35 polymorphic sites and 18 parsimony informative sites among all isolates (MP and PMP isolates excluded). Alignment of EF (305 bp) with three indels removed (303 bp) revealed 77 polymorphic sites and 58 parsimony informative sites among all isolates (MP and PMP isolates excluded). Eight haplotypes were identified for CHS and 19 haplotypes for EF (TABLE III) . The combined phylogeny revealed three major clades among isolates sampled from cultivated hosts (FIG. 3) . The A. rabiei clade contained isolates of A. rabiei from chickpea (Cicer arietinum), the A. lentis clade contained isolates of A. lentis from lentil (Lens culinaris) and the A. fabae/A. pisi clade contained A. fabae and A. pisi from faba bean (Vicia faba) and pea (Pisum sativum), respectively (FIG. 3) . Within the A.fabae/A. pisi clade 2 subclades (V. faba clade, V. grandiflora/V. sepium clade) were evident and within the A. lentis clade 3 subclades (L. culinaris clade, V. villosa/V. lathyroides clade, V. grandiflora clade) were evident (FIG. 3) . Isolates from wild hosts were distributed throughout the phylogeny. Isolate Georgia-11 from tiny vetch (V. hirsuta) was distinct and might represent a phylogenetic species although we were able to examine only a single isolate from this host (FIG. 3) . Isolates from wild, perennial chickpea (C. ervoides, C. montbretii) clustered with A. rabiei isolates from cultivated, annual chickpea (C. arietinum) and many had identical sequences to A. rabiei isolates for all three genomic regions (FIG. 3,  TABLE II ). Isolates from wild pea (Pisum elatius) clustered with A. pisi isolates from cultivated pea (P. sativum) but a ''Pisum clade'' was not highly supported. The Shimodaira-Hasegawa test and parametric bootstrapping analyses were unable to reject (P 5 0.336 and P 5 0.92, respectively) the hypothesis of monophyly of isolates AP2, 4, 5, Georgia-6, -7, -12 sampled from wild and cultivated pea. Isolates sampled from wild pea (P. elatius), big-flower vetch (V. grandiflora), common vetch (V. cordata) were most closely related to A. fabae and A. pisi while FIG. 1. Maximum likelihood phylogeny estimated from ribosomal internal transcribed spacer sequence data (ITS) for Ascochyta and Didymella spp. sampled from legumes (shaded in gray) plus several reference ITS sequences retrieved from GenBank. Phylogeny was rooted by M. punctiformis (GenBank accession No. AY490760). Only unique haplotypes were analyzed and presented and a complete list of isolates with each haplotype is provided (TABLE II) . Upper numbers at major nodes indicate Bayesian posterior probabilities of sampling the node among 6000 trees (600 000 generations of the MCMC chain) and lower numbers indicate percent ML bootstrap values from 1000 bootstrap samples. Branch lengths are proportional to the inferred amount of evolutionary change and the scale represents 0.1 nucleotide substitutions per site.
FIG. 2. Maximum likelihood phylogeny estimated from
glyceraldehyde-3-phosphate-dehydrogenase (G3PD) sequence data for Ascochyta and Didymella spp. sampled from various legume hosts. Phylogeny was rooted by Phaeosphaeria nodorum (GenBank accession No. AY364464). Only unique haplotypes were analyzed and presented and a complete list of isolates with each G3PD haplotype is given (TABLE II) . Upper numbers at major nodes indicate Bayesian posterior probabilities of sampling the node among 6000 trees (500 000 generations of the MCMC chain) and lower numbers indicate percent ML bootstrap values from 1000 bootstrapped datasets. Clades inferred based on ML bootstrap values greater than or equal to 70% and posterior probabilities greater than or equal to 95%. isolates from hairy vetch (V. villosa), spring vetch (V. lathyroides) and big-flower vetch (V. grandiflora) were most closely related to A. lentis (FIG. 3) . Isolates from big-flower vetch (V. grandiflora) appeared to be polyphyletic, falling out into three distinct, well supported clades. Supporting this the ShimodairaHasegawa test and parametric bootstrapping analyses strongly rejected (P 5 0.000 and P 5 0.00, respectively) the hypothesis that isolates AV11, Georgia-2, -3, -8, -13 sampled from big-flower vetch were monophyletic. Split decomposition analysis of the combined dataset revealed a mostly bifurcating treelike structure with topology similar to that estimated using maximum likelihood methods (FIG. 4) . Two distinct clades were evident, the ''A. lentis clade'' containing A. lentis isolates AL1 and AL11 plus isolates AV1 from hairy vetch (V. villosa), AV8 from spring vetch (V. lathyroides), and isolates Georgia-2 and Georgia-8 from big-flower vetch (V. grandiflora). The other major clade (''A. fabae/A. pisi clade'') contained A. pisi isolates AP1, AP2, AP4, A. fabae isolates AF1 and AF8 plus isolates from wild pea (P. elatius), common vetch (V. cordata), big-flower vetch (V. grandiflora) and bush vetch (V. sepium). Some incompatible splits resulting in loops in the phylogeny were evident in the ''A. fabae/A. pisi clade'' but not in the ''A. lentis clade (FIG. 4) . The ''A. fabae/A. pisi clade'' was also the region of the phylogeny that showed blocks of incompatible sites (data not shown). No putative intragenic or intergenic recombination events were detected within or between any of the genomic regions with RDP2 (data not shown) but blocks of incompatible sites were evident in the compatibility matrix for the combined dataset, which suggests a history of recombination among these genomic regions. Recombination was localized with Recom58 to the A. fabae/A. pisi clade and isolates Georgia-6, Georgia-7 and Georgia-12 were identified as putative recombinants.
DISCUSSION
Ascochyta fungi sampled from wild and cultivated legumes worldwide form a monophyletic group that also includes Ascochyta, Phoma and Didymella spp. from nonlegume hosts. Taxa such as A. lentis, A. fabae and A. rabiei have been connected formally to Didymella teleomorphs (Muller and von Arx 1962 , Jellis and Punithalingam 1991 , Kaiser et al 1997 but others such as A. pisi and A. pinodella from pea (Pisum sativum), Ascochyta sp. from hairy vetch (V. villosa), V. amoena, bush vetch (V. seppium), common vetch (V. cordata), spring vetch (V. lathyroides) and big-flower vetch (V. grandiflora) have not. The results of the phylogenetic analyses presented here predict that all legume-associated Ascochyta spp. likely will be connected to Didymella teleomorphs in the future. The combined CHS, EF, and G3PD analysis revealed six well supported clades among Ascochyta fungi sampled from 12 legume species. Five of these clades were identified among Ascochyta spp. that were morphologically indistinguishable and fungi in each of these clades therefore may be considered ''cryptic'' phylogenetic species. Three clades corresponded to the described taxa A. rabiei, A. lentis and A. fabae from the cultivated legume hosts chickpea (Cicer arietinum), lentil (Lens culinaris) and faba bean (Vicia faba), respectively. Three additional clades contained fungi sampled from various wild Vicia spp., which either have never been described formally or have been described under several names. For example a query of the Systematic Botany and Mycology Laboratory (SMBL) host-fungus database (Farr et al 2005) for hairy vetch (Vicia villosa) yielded a Combined constraint tree is ML tree estimated for the concatenated dataset using model and model parameters estimated for the concatenated dataset.
b Probability that constrained and unconstrained trees are equally good explanations of the data. Null hypothesis tested using the Shimodaira-Hasegawa test (Shimodaira and Hasegawa, 1999) with full optimization over 1000 bootstrapped datasets.
c Probability of obtaining a larger log-likelihood difference under the null hypothesis of the same topology underlying each data partition. Distribution of the null hypothesis generated by Monte Carlo simulation of 100 datasets on the ML tree for the combined dataset (estimated using model and parameters for each partition). Partition ML tree (estimated using model and parameters for each partition) was used as the constraint tree.
four taxonomic names of pathogens including A. pinodes, A. pisi, A. viciae-villosae and Mycosphaerella pinodes. It seems possible that all of these names refer to the same species. Isolates sampled from hairy vetch (V. villosa) and spring vetch (V. lathyroides) for this study formed a well supported, monophyletic group and therefore should be considered a distinct phylogenetic species. Additional sampling of Ascochyta spp. from various legume species coupled with extensive morphological, pathological and phylogenetic characterization needs to be completed to connect these fungi to their teleomorphs and assign meaningful names to them.
Among the fungi sampled from cultivated hosts, each well supported clade was perfectly correlated to host of isolation. Isolates from chickpea (Cicer arietinum), faba bean (Vicia faba), pea (Pisum sativum) and lentil (Lens culinaris) each formed a well supported monophyletic group suggesting that host specificity has played an important role in the evolution of these fungi. Experimental inoculations of various legume hosts with Ascochyta spp. has confirmed host specificity and supports this hypothesis (Gossen et al 1986 , Kaiser et al 1997 , Khan et al 1999 , Hernandez-Bello et al 2006 . Isolates sampled from Pisum, Vicia and Lens fell into two well supported major clades that we have labeled the ''A. fabae/A. pisi'' and ''A. lentis'' clades. These fungi are identical morphologically and a previous attempt to differentiate A. lentis from A. fabae based on morphological characters was unsuccessful (Gossen et al 1986) . Our phylogenetic analyses revealed that Ascochyta fabae is most closely related to A. pisi and A. lentis is most closely related to Ascochyta sp. from V. villosa and V. lathyroides. These same relationships were observed in a phylogenetic analysis of HMG sequence data from many of the same taxa studied FIG. 3 . Maximum likelihood phylogeny estimated from the combined chitin synthase (CHS), translation elongation factor alpha (EF) and glyceraldehyde-3-phosphate-dehydrogense (G3PD) datasets for Ascochyta and Didymella spp. sampled from various legume hosts. Only unique haplotypes were analyzed and presented and a complete list of isolates with each CHS, EF, and G3PD haplotype is given (TABLE II) . Upper numbers at major nodes indicate Bayesian posterior probabilities of sampling the node among 6000 trees (600 000 generations of the MCMC chain) and lower numbers indicate percent ML bootstrap values from 1000 bootstrapped datasets. Clades inferred based on ML bootstrap values greater than or equal to 70% and posterior probabilities greater than or equal to 95%. (FIG. 3) were included (i.e. no A. rabiei isolates or Georgia-11). Numbers indicate percent bootstrap support for each split among 1000 bootstrapped datasets. Branch lengths are proportional to the inferred amount of evolutionary change and the scale represents 0.001 nucleotide substitutions per site. The two major clades are indicated by gray textboxes here (Barve et al 2003) . Fungi within each of these clades mate readily in the laboratory and cultural morphology and in vitro growth rates of progeny are normal (T.L. Peever unpublished). Amplified fragment length polymorphism (AFLP) marker segregation ratios among the progeny from the ''interspecific'' A. fabae 3 A. pisi cross were similar to their respective ''intraspecific'' crosses (i.e. crosses between two A. pisi isolates or between two A. fabae isolates) indicating a lack of obvious intrinsic, postzygotic fertility barriers (Hernandez-Bello et al 2006) . When 120 progeny from this cross were inoculated on faba bean and pea, only 3% of progeny isolates were able to cause disease on pea and none were able to cause disease on faba bean (Hernandez-Bello et al 2006) . A previous study employing progeny from the genetically wider cross between A. lentis and A. fabae also demonstrated that progeny were unable to cause disease on either parental host (Kaiser et al 1997) . The results of the above inoculation experiments with progeny from ''interspecific'' crosses suggest that pathogenicity on each legume host is likely controlled by multiple genetic loci. We speculate that hybridization of closely related, host-specific forms results in disruption of suites of alleles at loci controlling pathogenicity on each host. The resulting loss of parasitic fitness of the progeny on both hosts might constitute a strong extrinsic isolating barrier (Kohn 2005) and play an important role in isolating and preventing gene flow among host-specific evolutionary lineages on each host.
The phylogeny estimated for the Ascochyta spp. here correlates well with a plastid matK phylogeny of the hosts (Steele and Wojciechowski 2003) , possibly supporting the hypothesis of a co-evolutionary history of pathogen and host and possible cospeciation. The differentiation seen between Cicer species (tribe Cicereae) and Pisum, Vicia and Lens species (tribe Vicieae) in the host matK phylogeny is mirrored by the pathogen phylogeny presented here. Within the Vicieae, Vicia hirsuta and V. villosa were found in well supported clades distinct from other Vicia spp. Steele and Wojciechowski (2003) identified two subclades within the Vicieae including Clade 1 which contained Pisum sativum and Clade 2 which contained Lens culinaris and Vicia grandiflora. Although there was not complete overlap in the hosts sampled for the Steele and Wojciechowski (2003) study and this study, there appears to be broad congruence between pathogen and host phylogenies with the Steele and Wojciechowski (2003) Clade 1 corresponding to the A. pisi/A. fabae clade of our combined analysis and their Clade 2 to our A. lentis clade. Additional fastevolving regions of the legume genome have been identified and currently are being used to resolve the evolutionary relationships among members of the Viciae and Cicerae tribes (Steele and Wojciechowski 2003) . Estimation of robust phylogenies for both hosts and pathogens will provide some interesting insights into the co-evolution of these pathosystems. Isolates sampled from each wild legume host displayed much more sequence variation for all genomic regions compared to isolates from cultivated legumes. If our sampling had been restricted to fungi from cultivated hosts we might have concluded that all Ascochyta/legume interactions are characterized by a tight co-evolutionary relationship between pathogen and host. However the isolates from wild hosts did not follow this same pattern with isolates from V. grandiflora distributed in three clades. There are at least two hypotheses that might explain why the Ascochyta fungi sampled from V. grandiflora were polyphyletic. The first is that wild hosts, but not cultivated hosts, might be colonized by different evolutionary lineages of Ascochyta pathogens. This would imply that the apparent tight correlation between pathogen clade and host of origin seen with isolates from cultivated hosts is the result of selection by each cultivated host for a single monophyletic lineage of pathogen. The alternative hypothesis is that all Ascochyta fungi have tight co-evolutionary relationships with their hosts but the host taxa identified in this study are polyphyletic. Host plants employed in this study were identified morphologically and it is possible that several distinct evolutionary lineages were classified as V. grandiflora. There was uncertainty in identification of at least two of the host taxa sampled in this study because entries such as ''Vicia sp.'' and ''Vicia sp. (possibly V. grandiflora)'' were recorded in collecting notes at the time of sampling (TABLE I) . To distinguish between these two hypotheses a more careful morphological analysis of the hosts needs to be performed as well as controlled inoculations of fungal isolates on the hosts.
Phylogenetic analyses revealed that A. rabiei, the pathogen of chickpea (Cicer arietinum), is distinct from the Ascochyta pathogens of pea, faba bean, wild vetches and lentil. A. rabiei is morphologically distinct with slower growth in culture and darker colony morphology relative to A. pisi, A. lentis and A. fabae. Isolates sampled from wild perennial Cicer spp. (C. montbretii and C. ervoides) had sequences that were identical or nearly identical to isolates from cultivated annual chickpea (Cicer arietinum) for all loci. Cicer arietinum is an annual species that is most closely related to the wild annual C. reticulatum and is genetically distinct from the perennial species, C. montbretii and C. ervoides (Javadi and Yamaguchi 2004, Sudupak et al 2004) . The similarity of fungi colonizing annual and perennial Cicer hosts suggests that the source of the Ascochyta blight fungus for epidemics on cultivated chickpea might be wild, perennial chickpea relatives. Isolates from wild pea (P. elatius) also clustered with isolates from cultivated pea consistent with the hypothesis that the source of Ascochyta blight epidemics on cultivated pea might be Ascochyta-infected P. elatius, the presumed ancestor of cultivated pea (Smartt 1990 ). We currently are performing host inoculations of wild and cultivated pea with fungi sampled from each of these hosts to determine whether these fungi can cause disease on both hosts. Sampling and phylogenetic analyses of isolates from sympatric populations of cultivated legumes and their wild relatives will be required to critically test these hypotheses.
The ITS phylogeny clearly demonstrated that Ascochyta pinodes (teleomorph: Mycosphaerella pinodes) is not closely related to true Mycosphaerella spp. such as M. graminicola, M. fijiensis and M. punctiformis. M. pinodes was transferred to Didymella pinodes by Petrak in 1924 (Petrak 1924 ) but this name has not been widely adopted by mycologists and plant pathologists. Our phylogenetic analyses indicate that this fungus is closely related to other Ascochyta pathogens with Didymella teleomorphs and we recommend that the name D. pinodes Petrak be applied to these fungi. Phylogenetic analysis of G3PD indicated that the ''Ascochyta complex'' of pea is caused by at least two, and possibly three, phylogenetically distinct fungi and supported the results of a previous phylogenetic analysis using mating gene HMG sequence data (Barve et al 2003) . Isolates identified morphologically as Ascochyta pinodes and A. pinodella were related closely and highly divergent from the other member of the complex, A. pisi. This result correlates well with previous morphological and molecular studies (Madosingh and Wallen 1968 , Faris et al 1995 , Bretag and Ramsey 2001 , Fatehi et al 2003 . Phylogenetic analysis of G3PD sequences allowed differentiation of A. pinodes from A. pinodella using our criterion of significantly supported nodes having bootstrap values and posterior probabilities of 70% and 95%, respectively. However support for the node separating A. pinodes from A. pinodella was only marginally above our cut-off criteria (71% and 95%, respectively). These taxa likely could be easily differentiated with additional sequence data from more variable regions of the genome. Fatehi et al (2003) were unable to differentiate A. pinodes from A. pinodella based on restriction digestion of nuclear ribosomal ITS or beta-tubulin regions and considered these fungi conspecific. A. pinodes and A. pinodella previously differentiated based on RAPD markers (Onfroy et al 1999) and restriction digestion of mitochondrial DNA (Fatehi et al 2003) . We did not attempt to amplify CHS or EF from A. pinodes and A. pinodella but it seems likely that these regions would provide increased support for monophyletic clades corresponding to each morphological taxon.
